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Abstract: The paper attempts to provide an integrated framework for the objective assessment
of the transient handling responses of non-linear vehicles. The ultimate aim of the proposed
framework is the characterization of such responses as neutral or under/over-steering. A new
methodology is employed, which has previously been applied for the classification of the tran-
sient response of linear vehicles. The success of the proposed method is judged based on its
robustness, the consistency of the results, and their practical implications. Furthermore, the
results are compared with the findings of traditional approaches for the characterization of the
steady-state and transient handling behaviour. The corresponding discussion reveals the agree-
ment between the approaches, but also highlights the slightly different definition of the neutrally
steering vehicle, as perceived by the proposed method.
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1 INTRODUCTION
The characterization of the steady-state handling
response is a more-or-less straightforward task, facili-
tated by the definition of the under-steer coefficient in
the case of linear vehicle models [1], or the handling
diagram in non-linear cases [1–4]. On the contrary,
the assessment of the transient response imposes
certain difficulties. The adoption of a linear bicy-
cle model enables the analytical calculation of the
transient response to simple steering inputs such as
step/ramp or sinusoidal steering. The roots of the cor-
responding characteristic equation dictate whether
the response is expected to be oscillatory or aperiodic,
and whether the motion is stable or unstable. It can be
easily proven that in the linear case, only the response
of an over-steering vehicle can become unstable [1,2],
whereas an under-steering vehicle is always stable.
Consequently, if a linear vehicle exhibits an unstable
∗Corresponding author: School of Aeronautical and Automotive
Engineering, Loughborough University, Loughborough, Leicester-
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behaviour one can safely classify it as over-steering.
The judgement is less certain when the conditions are
such that the response of a vehicle is stable. Then,
a system identification approach might result in the
accurate estimation of the vehicle parameters, and
subsequently the calculation of the under-steer coef-
ficient for the final characterization of its behaviour.
In any case, this might prove a tedious task, which
cannot serve as part of a robust, well-defined, assess-
ment procedure. The problems with the assessment
of transient handling behaviour are discussed thor-
oughly in reference [5], where the failure of the roots
of the characteristic equation to provide a definitive
picture is demonstrated through a practical example.
The situation becomes worse when non-linearities
are taken into account. These non-linearities are pri-
marily related to the build-up of tyre forces during
the course of a manoeuvre. Pacejka [3] investigates
the stability of a vehicle with non-linear tyres at high
lateral accelerations, with the tyres operating well
within the non-linear range. According to his analysis,
two separate conditions are required for the vehicle
response to be deemed stable, as opposed to the one
and only condition which ensures the stability of a
linear vehicle response. The first condition is related
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to the slope of the steer-angle with respect to the cur-
vature of path under constant forward velocity and
can be seen as equivalent to the stability condition of
a linear vehicle model [3]. In particular, this first con-
dition is violated when the steering needs to change
direction (i.e. when the vehicle is over-steering). The
remaining, second condition for the vehicle stability,
deserves further attention, as it reveals a possible void
within the existing theory. This condition may be vio-
lated when the tyre characteristics show a peak in the
side force followed by a downward slope [3]. Certainly,
this might be the case with a neutral steer vehicle,
characterized by an even weight distribution between
front and rear axles and non-linear tyres, exhibit-
ing a distinct force peak. Apparently, such a vehicle
might violate this second stated condition, and thus
become unstable. However, such an instability does
not imply an over-steering response. In any case, the
existing theory does not include any provisions for
the classification of such responses. Especially, with
non-linear vehicles, the explicit characterization of
any transient response, particularly responses which
do not lead to instabilities, cannot be performed
with confidence. Consequently, as the vehicle models
in use become increasingly complex, incorporating
many sources of non-linearity, the assessment of their
response becomes more descriptive, than precise and
quantitative [6].
The proposed framework outlined here attempts
to provide a means for the explicit assessment of
the response of a vehicle during the course of any
possible transient manoeuvre. The underlying princi-
ples of the method have already been presented for
the linear case [5], whereas the present work focuses
towards the influence of non-linear tyre behaviour.
The findings of the method are related, throughout the
paper, to the implications of traditional steady-state
handling assessment methods, such as the handling
diagram [1–4].
2 METHOD FOR ASSESSMENTOFVEHICLE
HANDLING BEHAVIOUR
A detailed description of the proposed assessment
procedure can be found in reference [5]. Although the
work in reference [5] deals with responses generated
by linear vehicle models, the method includes pro-
vision for non-linear responses/vehicles and can be
used in such cases. A brief overview of the method is
provided here.
The assessment of the instantaneous handling
behaviour throughout the course of a transient
manoeuvre is performed using two related measures,
namely the dynamic and neutral kinematic normal-
ized yaw impulses, denoted by d and kn respectively.
The definition of the dynamic normalized impulse is
given as
d =
|a|∑i=1,2 Fyi · dt− ∣∣b∣∣∑i=3,4 Fyi · dt
|a|∑i=1,2 Fyi · dt+ ∣∣b∣∣∑i=3,4 Fyi · dt (1)
where each lateral force in equation (1) represents the
projection of the net tyre force of a possibly steered
and braking tyre on the y-axis of the SAE vehicle frame
of reference [7].
Considering a linear bicycle model, the above rela-
tion can be simplified and expressed as merely a
function of kinematic quantities and a parameter ρ [5]
d = k = Uδ − V (1 − ρ) − r
(|a| + ρ ∣∣b∣∣)
Uδ − V (1 + ρ) − r (|a| − ρ ∣∣b∣∣) (2)
where k denotes the kinematic normalized yaw
impulse and parameter ρ is defined as
ρ =
∣∣b∣∣Cr
|a|Cf (3)
If, in addition, a neutral vehicle is assumed, k can be
simplified further, resulting in the neutral kinematic
normalized yaw impulse as
k = kn = Uδ − rl
Uδ − 2V − r (|a| − ∣∣b∣∣) (4)
The basis of the handling assessment is the axiomatic
declaration that a linear neutral bicycle model, with-
out phase lags in the generation of the tyre forces,
behaves neutrally under any possible steady-state
or transient operating conditions. Note that kn,
when calculated for a neutral linear vehicle dur-
ing the course of a transient manoeuvre will always
equate to d.
The assessment of the response of a given vehicle
is based on the initial assumption that the vehi-
cle is neutral-steer (i.e. it resembles the behaviour
of the linear neutral bicycle model). This assump-
tion is checked by calculating kn for the assumed
neutral response and subsequently comparing it
with the dynamic yaw impulse d, as calculated by
equation (1). If kn is found to be equal to d, then
the response is characterized as neutral as long as the
equality holds true [5]. In the event that d becomes
smaller than kn, the response is characterized as
one of under-steering [5], whereas if d is found
to be greater than kn, the response is classified as
over-steering.
The comparison between d and kn is performed
by employing two different ratios, denoted Q and
Qs, respectively, each one characterized by its own
strengths and weaknesses [5]. The Q ratio is provided
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by the following relation
Q = d
kn
(5)
Obviously, for Q = 1 the vehicle behaves neutrally. If
Q < 1 it exhibits under-steering, whereas Q > 1 indi-
cates over-steering. The usefulness of the Q ratio as a
handling performance index deteriorates under cer-
tain conditions, as a result of kn and/or d becoming
negative [5]. This observation has led to the definition
of the alternative Qs ratio, as follows
Qs = (d − kn)B1|d − kn| + B2 (6)
where B1 and B2 are Boolean expressions yielding 1
(true) or 0 (false) according to the following relations
B1 = 1 for |Q − 1| > ε0 for |Q − 1|  ε (7)
B2 = 1 for |Q − 1|  ε0 for |Q − 1| > ε (8)
Parameter ε represents the ‘neutral margin’, dictat-
ing the maximum relative difference allowed between
d and kn, before classifying a transient response as
non-neutral.
As long as |Q − 1| = |(d − kn)/kn|  ε, the vehi-
cle is considered neutral, with B1 = 0, B2 = 1,
and Qs = 0. On the other hand, if: |Q − 1| =
|(d − kn)/kn|  ε, the difference between d and
kn is such that the vehicle cannot be characterized
as neutral. Under such conditions: B1 = 1, B2 = 0,
whileQs represents the sign of the difference between
d and kn. If: Qs = −1, then the vehicle exhibits
under-steer, whereas if: Qs = 1 it would over-steer.
As is shown later, the Q ratio provides a more inte-
grated picture of the transient handling response. It
allows a direct quantitative comparison of different
responses. Alternatively, the Qs ratio can only deter-
mine whether a manoeuvre is neutral, under-, or over-
steering. Overall, the two measures should be used in
a complementary fashion, the latter being most useful
when the definition of the former deteriorates [5].
3 VEHICLE ANDTYREMODEL
The method described in the previous section does
not involve any assumptions regarding the complex-
ity of the prescribed vehicle model. Ultimately, the
method can be applied experimentally to measured
responses of real vehicles. Nevertheless, a simple,
two degree-of-freedom bicycle model equipped with
non-linear tyres is employed for the purpose of the
analysis. The main reason behind this choice is to
enable the establishment of a direct relationship
between the observed transient behaviour and the
tyre characteristics. Furthermore, the construction of
the corresponding steady-state handling diagrams is
made straightforward and can be performed with-
out the tedious requirement of running a series of
steady-state handling simulations.
Assuming a constant forward speed U and suffi-
ciently small steer angles, the equations of motion for
the lateral and yaw degrees of freedom of the model
become [8]
∑
Fy = Yf (af ) + Yr(ar) = m
(
dV
dt
+U · r
)
(9)
∑
Mz = |a|Yf (af ) − |b|Yr(ar) = Izz
(
dr
dt
)
(10)
where Yf and Yr denote the front and rear lateral tyre
forces as non-linear functions of the corresponding
slip angles.
If the vehicle is assumed to be front-steered and
the slip angles af and ar are sufficiently small, the
following relations apply [1]
af = δ − V + |a| rU (11)
ar = −V −
∣∣b∣∣ r
U
(12)
The non-linear lateral tyre forces Yf and Yr are calcu-
lated using a version of the Magic Formula tyre model,
as described in reference [9]. The general form of the
formula is
Yf ,r(a) = y(x) + SV (13)
with
y(x) = D sin[C arctan{Bx − E(Bx − arctanBx)}]
(14)
and
x = tan a + SH (15)
The primary parameters of the Magic Formula,
namely B, C , D, E , SH, and SV , appear as functions of
the normal load, Fz , the camber angle, γ , and a num-
ber of secondary constants [9]. A set of experimentally
obtained secondary constants [10] is employed as
a starting point for both front and rear tyres. The
force functions are then simplified by assuming zero
vertical/horizontal shifts (SV = SH = 0) and zero cam-
ber angle (γ = 0). Finally, in order to manipulate the
shape of the characteristic curves, the peak value D,
the stiffness factor B, and the shape factor C were
altered accordingly.
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Equations of vehicle motion (9) and (10) are
solved numerically, taking into account the geo-
metric relations in (11), (12), and the lateral tyre
forces as predicted by equations (13) to (15), also
taking into account the aforementioned simplifi-
cations/assumptions. Prior to any simulation, the
corresponding normalized tyre characteristics are
obtained by dividing the actual lateral force character-
istics with the axle weight, as dictated by the front/rear
weight distribution. The steady-state handling dia-
gram is then drafted and finally, the actual vehicle
responses are used for the calculation of the Q and
Qs ratios, described is section 2.
4 APPLICATIONOFTHEMETHOD
The method is demonstrated through a series of
carefully selected test cases. The parameters of the
vehicle chosen for the analysis are listed in Table 1.
The weight distribution is deliberately made even
between the front and rear axles, in order to be able to
achieve a neutral handling behaviour, provided that
the tyre forces are non-linearly dependent on the ver-
tical weight. This rather interesting case of a vehicle
with even weight distribution and identical front-rear
tyre characteristics is first discussed. The normalized
front and rear tyre characteristics are shown in Fig. 1,
whereas Fig. 2 illustrates the resulting steady-state
handling diagram, which, as expected, consists of a
straight line. As the forward speed increases from
zero, the required steer-angle to negotiate a curve of
given radius does not change (i.e. the steering gradient
with respect to the normalized centripetal accelera-
tion (ay/g) is zero and the handling curve reduces to a
straight line). The normalized centripetal acceleration
increases (arrow pointing upwards in Fig. 2) up to the
maximum value permitted by the tyre characteristics.
Any attempt to increase the forward speed beyond
this point results in instability, with the vehicle oper-
ating within the region marked by the downward
pointing arrow, shown in Fig. 2. Although the existing
theory predicts this type of instability [3], the overall
response is still characterized as neutral steer. From
the outset, it was anticipated that such a behaviour, as
exhibited by the non-linear neutral vehicle, would not
resemble that of a linear neutral vehicle. The steady-
state handling diagram of the linear neutral vehicle
consists of a continuously increasing straight line [1]
(i.e. the centripetal acceleration increases indefinitely
with forward velocity, when the steer-angle and path
Table 1 Vehicle parameters
Izz (kg m2) m (kg) a (m) b (m)
2e3 1.3e3 1.25 1.25
Fig. 1 First test case: identical front-rear tyre character-
istics
curvature remain constant). This type of neutrality
would be perceived by a hypothetical driver as the
ability to increase the forward speed without adjust-
ing for the steer-angle, while remaining on the same
path. The steady-state behaviour of the two vehicles,
linear and non-linear, would be indistinguishable up
to the point where the non-linear tyres reach their
peak force generating ability. Beyond this point, the
non-linear vehicle would become unstable. It might
be argued that this instability is of an under-steering
type, since the centripetal acceleration and, therefore,
the yaw rate are limited by the peak tyre force. Still,
this fact cannot be signified by the handling diagram.
The question to be answered is whether it is sensible,
in terms of handling assessment, to accept the exis-
tence of an unstable neutral behaviour, or, instead,
Fig. 2 First test case: the steady-state handling diagram
for a neutral-steer, non-linear vehicle
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Fig. 3 First test case: yaw rate response of the vehicle to
a step-steer input of 0.04 rad at 30 m/s forward
speed
to distinguish between these two types of neutral
vehicles.
At this point, the response of the non-linear neutral
vehicle to a transient manoeuvre might shed some
light on the situation. In particular, the vehicle is sub-
jected to a step-steer input of 0.04 rad, at a forward
speed of 30 m/s. Figures 3 and 4 show the yaw-rate and
lateral velocity responses, respectively. The Q ratio is
calculated using equation (5) at every instant of time
during the course of the manoeuvre, and shown in
Fig. 5. The Qs ratio is depicted in Fig. 6, calculated
using equation (6), with the neutral margin ε set equal
Fig. 4 First test case: lateral velocity response of the
vehicle to a step-steer input of 0.04 rad at 30 m/s
forward speed
Fig. 5 First test case: Q ratio response of the vehicle to
a step-steer input of 0.04 rad at 30 m/s forward
speed
to 0.01. To support the analysis, Fig. 6 also includes
the normalized tyre forces calculated by dividing the
actual force with the corresponding axle weight. Both
Q and Qs ratios suggest that only at the very begin-
ning of the manoeuvre, the transient response of the
non-linear vehicle can be considered as neutral. The
duration of this initial neutral behaviour is strongly
related to the value of the neutral margin ε, which
dictates the point up to which d might be consid-
ered to equate to kn. Beyond this point, the rate of
the lateral force build-up significantly alters the han-
dling behaviour, which is classified as under-steering.
For the non-linear vehicle, the lateral force increases
Fig. 6 First test case: Qs ratio response of the vehicle to
a step-steer input of 0.04 rad at 30 m/s forward
speed
JMBD65 © IMechE 2007 Proc. IMechE Vol. 221 Part K: J. Multi-body Dynamics
6 GMavros,H Rahnejat, and P DKing
with a decreasing rate and this is reflected in the
normalized yaw impulse d, which is consistently
smaller than that of the assumed neutral vehicle kn
(refer to section 2 and reference [5]). It should be
emphasized that the transition from neutral to under-
steering behaviour is not marked by the peak tyre
force, as shown clearly in Fig. 6, where the normal-
ized tyre forces are plotted together with the Qs ratio.
It is the difference between d and kn that indicates
the transition from neutral to under-steering, always
estimated within the accuracy specified by the neutral
margin ε.
The important conclusion to be drawn from this
first case study can be summarized in the following
observation. Whereas the steady-state behaviour of
the linear and non-linear neutral vehicles is almost
indistinguishable, at least up to the point where the
tyre forces reach their peak values (that is, if a peak
exists at all), the transient response is continuously
dependent on the slope of the tyre characteristics
and differs considerably between the linear and non-
linear neutral vehicles. This difference is successfully
captured and quantified by the proposed method of
handling assessment. Finally, theQ andQs ratios have
led to the explicit characterization of the unstable part
of the response as under-steering, in agreement with
the rather descriptive argument stated earlier in this
section.
The second test-case involves the vehicle used pre-
viously, this time equipped with tyres exhibiting the
characteristics illustrated in Fig. 7. The tyre character-
istics are such that an over-steering response would
be expected at low slip angles, whereas at higher side-
slips the rear tyre forces become dominant and the
response is anticipated to shift towards under-steer.
Fig. 7 Second test case: tyre characteristics
Fig. 8 Second test case: the steady-state handling
diagram
It will be shown that this sequence is captured pre-
cisely by the proposed method during the response
to a step-steer input of 0.04 rad at 30 m/s, which is
severe enough to ensure that the vehicle switches
between the two possible handling states. Before pro-
ceeding to discuss the actual transient response, the
steady-state handling diagram in Fig. 8 shows the ini-
tial over-steering tendency, which changes gradually
to one of under-steer. The transient response is evalu-
ated using the Q and Qs ratios, depicted in Figs 9 and
10, respectively. In Fig. 9, the Q ratio is initially pre-
dicted larger than unity, a fact which, not only points
to the initial over-steering behaviour of the vehicle,
but also quantifies the exact amount of over-steer,
Fig. 9 Second test case: Q ratio response of the vehicle
to a step-steer input of 0.04 rad at 30 m/s forward
speed
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Fig. 10 Second test case: Qs ratio response of the
vehicle to a step-steer input of 0.04 rad at 30 m/s
forward speed
through the actual value of the ratio. Accordingly,
the Qs ratio is predicted as unity, explicitly indicating
over-steer. As the response progresses, the anticipated
switch from over to under-steering is clearly captured
by both these.
The usefulness of the Q ratio is demonstrated fur-
ther by considering the responses of three different
vehicle setups to the same step-steer input of 0.04 rad
at 30 m/s. The vehicle details remain the same, while
the tyre characteristics are shown in Fig. 11. The front
tyre characteristic is identical in all the setups, while
the initial slope (the cornering stiffness) of the third
rear tyre is 3 per cent smaller than that of the second
Fig. 11 Third test case: tyre characteristics correspond-
ing to three different vehicle set-ups with the
front tyres remaining the same
Fig. 12 Third test case:Q ratio response of the three dif-
ferent vehicles to a step-steer input of 0.04 rad
at 30 m/s forward speed
one, which, in turn, is 3 per cent smaller than that of
the first. The resulting Q ratios are provided in Fig. 12,
which shows the exact variation of the amounts of
over/under-steer during the course of the transient
manoeuvre.
To conclude the step-steer test cases, the rather
peculiar tyre characteristics illustrated in Fig. 13 are
considered. Based on this, the response is anticipated
to be over-steering initially, then tend to under-steer
and finally revert to over-steer. To ensure that the vehi-
cle achieves the full sequence of handling behaviours,
the forward speed is increased to 60 m/s, the step-
steer input remaining equal to 0.04 rad. It is clear that
both the Q and Qs ratios confirm these predictions,
Fig. 13 Fourth test case: tyre characteristics
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Fig. 14 Fourth test case: Q ratio response of the vehi-
cle to a step-steer input of 0.04 rad at 60 m/s
forward speed
showing a mild over-steering tendency in the begin-
ning of the manoeuvre (Figs 14 and 15). Thereupon,
the behaviour switches to under-steer and finally, the
vehicle undergoes excessive over-steer, entering an
unstable mode of operation.
At this point it is essential to clarify the rela-
tion between the steady-state handling behaviour as
expressed by the handling diagram and the predic-
tions of the proposed method for the assessment
of the vehicle transient behaviour. In the preced-
ing analysis of all test cases, extensive reference was
made to the agreement between the handling dia-
gram and the transient assessment method. It should
Fig. 15 Fourth test case: Qs ratio response of the vehi-
cle to a step-steer input of 0.04 rad at 60 m/s
forward speed
be emphasized that this agreement does not enable
the assessment of the transient behaviour by means
of the handling diagram, a process which eventu-
ally reduces to the calculation of the normalized tyre
forces per axle. The fundamental relation upon which
the handling diagram relies is given as [3]
Fyf
mg(b/l)
= Fyr
mg(a/l)
= ay
g
(16)
These relationships apply only to steady-state con-
ditions. Therefore, the calculation and comparison
of the normalized tyre forces cannot be employed
as a general method for the assessment of a tran-
sient handling manoeuvre. Indeed, the reference to
the handling diagrams is aimed only to show the
agreement between the findings of the proposed tran-
sient handling assessment method and the expected
tendencies.
Hitherto, the step-steer manoeuvre has dominated
the analysis. Similar results have been found in the
case of a ramp-steer manoeuvre. However, as a final
test case, the somewhat more interesting response
to a sinusoidal steering input is presented. Three
hypothetical vehicles are subjected to a sinusoidal
steering with amplitude equal to 0.02 rad and a fre-
quency of 0.5 Hz. The forward speed in all cases is
equal to 15 m/s and the neutral margin ε is kept
equal to 0.01. The first vehicle is neutral, accord-
ing to steady-state terminology, characterized by the
tyre curves shown in Fig. 1. The second vehicle is
made to over-steer, according to the steady-state
terminology by reducing the initial slope of the cor-
nering curve of the rear tyre by 5 per cent. Finally,
Fig. 16 Fifth test case: Q ratio response to a sinu-
soidal steering input of a neutral-, over- and
under-steering vehicle
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the third vehicle is made to under-steer by increas-
ing the cornering stiffness of the rear tyres by 5 per
cent. Figure 16 shows the Q ratio for all three vehi-
cles. The deterioration of the Q ratio as a handling
index under such operating conditions immediately
becomes evident. For example, the over-steering vehi-
cle (dash-dotted line) shows a Q ratio increasing
rapidly until it changes its sign abruptly. This is the
result of the neutral kinematic yaw impulse (denom-
inator in equation (5)) reducing steadily and finally
becoming negative. As a result, the Q ratio yields
sensible results only up to ∼0.5 s after the initia-
tion of the steering input. It is interesting to note,
though, that the neutral vehicle (solid line) exhibits
a Q ratio equal to unity throughout the manoeuvre.
Magnification of a small area around the solid line,
as depicted in Fig. 17, shows that, in reality, the Q
ratio of the neutral vehicle oscillates periodically. This
is expected, since, according to the theory presented
in section 2, d = kn at any instant only for the lin-
ear neutral vehicle. The forward speed and maximum
steer-angle are deliberately made relatively low in
order to ensure operation in the almost linear range
of the tyres. However, the slight non-linearity of the
tyre curves near the origin shows itself through the Q
ratio observed.
Figures 18 and 19 depict the robust Qs ratio for
the over- and under-steering vehicles, respectively.
The corresponding Qs ratio for the neutral vehicle
has not been included. By observing the maximum
fluctuation of the Q ratio as in Fig. 17 and consider-
ing the fact that ε = 0.01, relation (6) yields a Qs ratio
equal to unity throughout the manoeuvre. According
to Figs 18 and 19 the responses of both the over- and
under-steering vehicles change suddenly from over-
Fig. 17 Fifth test case: detail from Fig. 16 showing the
oscillatory nature of the Q ratio for the neutral
non-linear vehicle
Fig. 18 Fifth test case: Qs ratio response to a sinusoidal
steering input of an over-steering vehicle
to under-steering and vice-versa. This odd predic-
tion is easily explained considering, for the sake of
argument, the response of the under-steering vehi-
cle, depicted in Fig. 19. According to the Qs ratio,
the vehicle is predicted to under-steer up to approx-
imately half a period of the excitation. During that
time, the steer-angle is positive. Because the vehicle
under-steers, towards the end of the half period it pos-
sesses a less ‘steered’ state than the state it would have
possessed if it were neutral. As the steering starts to
become negative, the less ‘steered’ vehicle is ready to
steer to the opposite direction more than it would if it
were neutral (i.e. the vehicle temporarily over-steers).
After a short period, equilibrium is re-established and
Fig. 19 Fifth test case: Qs ratio response to a sinusoidal
steering input of an under-steering vehicle
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the vehicle exhibits under-steering behaviour for the
rest of the negative steering, until, approximately, the
end of a full steering cycle. A similar analysis applies
to the over-steering vehicle. An important observa-
tion is that the sudden changes in the responses of
both non-neutral vehicles cover a small fragment of
the full steering cycle. Otherwise, most of the time
during the cycle, the characterization of the tran-
sient response of the vehicles through the Qs ratio
agrees with their steady-state classification as over- or
under-steering.
Finally, it should be mentioned that the predic-
tion of over-steering regimes in the operation of an
under-steering vehicle and vice-versa might prove to
agree with drivers’ perception. For instance, it is gen-
erally experienced that, when attempting a slalom
manoeuvre with an over-steering vehicle, additional
steering is required during the change in the direc-
tion of steer (change of sign), in order to achieve
the required path. This additional steering might
be perceived as the result of a temporarily under-
steering behaviour. However, this is only a preliminary
observation and any definite relation between the
predictions of the proposed framework and driv-
ing experience requires experimentation and possibly
statistical analysis of the view of a large number of
drivers.
5 COMMENTS ONTHEMETHODOLOGY
Throughout the previous analysis, frequent references
were made to the stability/instability of vehicles. The
present framework does not intend to investigate
such issues. These references aim primarily to high-
light some traditional notions. For example, the fact
that only an over-steering vehicle might show insta-
bility in its yaw motion, or, in other cases to point
out less traditional findings, for instance the fact that
a neutral non-linear vehicle might become unstable
in terms of its lateral speed. These predictions are
well documented and theoretical approaches for the
assessment of vehicle stability can be found in ref-
erences [1–4], or indeed in early works such as in
reference [11].
When only transient handling data is available,
some of these notions might work in reverse: a
continuously increasing yaw rate points towards
over-steer. However, when the motion is stable, it
is difficult to draw conclusions. Considering the
best scenario, one might try to identify the system
parameters from the test data and then construct
a virtual steady-state test for the determination of
whether the vehicle is under/over or neutral-steering,
in steady-state terms. In the most likely case of a
non-linear vehicle, the handling diagram might show
a transition between different behaviours. Having
arrived this far, it is impossible to work backwards,
i.e. to argue that at instant to during the course
of the transient manoeuvre the vehicle was actu-
ally operating in its over/under or neutral-steering
regime.
This is the aim of the proposed methodology.
The neutral-, over-, and under-steering behaviours
under transient conditions have been defined in ref-
erence [5] and are described in section 2 of the present
paper, in a way similar to the axiomatic definition
of the same behaviours under steady-state condi-
tions. The steady-state definitions have proven to
be sensible, as, for example, an over-steering vehi-
cle tends to reduce the radius of curvature of its
path as the forward speed increases during corner-
ing and therefore requires the reduction of steer-angle
to remain on the same path. The judgement is not
as straight-forward under transient conditions. In
all cases, the yaw rate increases as a result of a
moment imbalance between the front and rear ends
of the vehicle. The present methodology proposes
the use of the neutral kinematic yaw impulse as the
benchmark, which signifies the neutral behaviour.
It is subsequently observed that a vehicle with a
greater dynamic yaw impulse exhibits a greater nor-
malized yaw moment which is related to a greater
contribution of the front tyres as opposed to that
of the rear ones. Compared to the steady-state situ-
ation, the focus is now moved from the balance of
front/rear slip angles to the balance of the normal-
ized front/rear yaw moments and the behaviour is
deemed to be over-steering when this balance tends
to steer the vehicle further than in the assumed neu-
tral case. A similar logic applies to the under-steering
case.
The usefulness of the approach is enhanced by the
fact that the transient results show agreement with
the transitions in behaviour predicted by the steady-
state handling diagrams. Therefore, with a single set
of transient handling data it is possible to: (a) quan-
tify the vehicle’s handling behaviour and relate it to
the influence of factors such as the normalized tyre
characteristics and (b) form a view about the general
characteristics of the vehicle.
A practical example might clarify the situation
further: a highly non-linear vehicle is assumed per-
forming a lap on a racing track. The vehicle never
becomes unstable and there is no steady-state test
available for obtaining a handling diagram. Even if
there were a steady-state test, the corresponding con-
ditions would probably not be similar to the track
conditions. By calculating the Q and Qs ratios, it
is possible to obtain a picture of the relative con-
tribution of the front and rear ends of the vehicle
during the lap. This information can be used in
various ways for the improvement of the handling
performance.
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6 CONCLUDING REMARKS
The handling assessment method introduced in ref-
erence [5] has been successfully applied for the
characterization of transient handling responses of
non-linear vehicles. The results of the method are
found to be in accord with the existing steady-
state theory and the method appears to be capable
of capturing the effects of various combinations of
highly non-linear tyre characteristics. The main aim
of the method is to explicitly characterize the instan-
taneous response during the course of any single
transient manoeuvre, without relying on the compari-
son of a number of different responses, irrespective of
whether the response is stable or unstable. The fun-
damental strengths and weaknesses of the method
have been discussed in detail in reference [5], while
the present work concentrates on the interpretation
of the results from the viewpoint of quantification
of the influence of tyre non-linearities. Undoubtedly,
the next step would be experimental verification of
the method. In this respect, the successful indirect
calculation of front and rear tyre forces, using the cor-
responding accelerations and inertias, would enable
experimental application of the method without the
need for sophisticated force-measuring wheel hubs.
Furthermore, the choice of the neutral margin ε could
probably be related to the subjective assessment of
the response by the driver, resulting in an assessment
framework with direct practical implications, which
might subsequently be used for the optimization of
transient handling behaviour.
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APPENDIX
Notation
a distance of the centre of gravity from
the front axle
af front slip angle
ar rear slip angle
ay centripetal acceleration
b distance of the centre of gravity from
the rear axle
B stiffness factor (magic formula)
B1,B2 boolean expressions
C shape factor (magic formula)
D peak value (magic formula)
E curvature factor (magic formula)
Fyi lateral force at the ith corner
of a vehicle
Fz normal load on tyres
g acceleration of gravity
Izz yaw moment of inertia
l wheelbase
m mass of the vehicle
Q,Qs ratios
r yaw rate
SH horizontal shift (magic formula)
SV vertical shift (magic formula)
U forward velocity
V lateral velocity
d dynamic normalized
yaw impulse
k kinematic normalized
yaw impulse
kn neutral kinematic normalized
yaw impulse
δ steer angle
ε neutral margin
ρ parameter
Subscripts
f indicates the front of the vehicle
r indicates the rear of the vehicle
y lateral direction
z normal direction
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